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Preface

Following the two damaging California earthquakes in
1989 (Loma Prieta) and 1994 (Northridge), many
concrete wall and masonry wall buildings were repaired
using federal disaster assistance funding. The repairs
were based on inconsistent criteria, giving rise to
controversy regarding criteria for the repair of cracked
concrete and masonry wall buildings. To help resolve
this controversy, the Federal Emergency Management
Agency (FEMA) initiated a project on evaluation and
repair of earthquake-damaged concrete and masonry
wall buildings in 1996. The project was conducted
through the Partnership for Response and Recovery
(PaRR), a joint venture of Dewberry & Davis of
Fairfax, Virginia, and Woodward-Clyde Federal
Services of Gaithersburg, Maryland. The Applied
Technology Council (ATC), under subcontract to PaRR,
was responsible for developing technical criteria and
procedures (the ATC-43 project).

The ATC-43 project addresses the investigation and
evaluation of earthquake damage and discusses policy
issues related to the repair and upgrade of earthquake-
damaged buildings. The project deals with buildings
whose primary lateral-force-resisting systems consist of
concrete or masonry bearing walls with flexible or rigid
diaphragms, or whose vertical-load-bearing systems
consist of concrete or steel frames with concrete or
masonry infill panels. The intended audience is design
engineers, building owners, building regulatory
officials, and government agencies.

The project results are reported in three documents. The
FEMA306report,Evaluationof EarthquakeDamaged
Concrete and Masonry Wall Buildings, Basic
Procedures Manual, provides guidance on evaluating
damage and analyzing future performance. Included in
the document are component damage classification
guides, and test and inspection guides. FEMA 307,
Evaluationof EarthquakeDamagedConcreteand
Masonry Wall Buildings, TechnicalResources, contains
supplemental information including results from a
theoretical analysis of the effects of prior damage on
single-degree-of-freedom mathematical models,
additional background information on the component
guides, and an example of the application of the basic
procedures. FEMA 308, The Repair of Earthquake
Damaged Concrete and Masonry WallBuildings,
discusses the policy issues pertaining to the repair of
earthquake-damaged buildings and illustrates how the
procedures developed for the project can be used to
provide a technically sound basis for policy decisions. It

also provides guidance for the repair of damaged
components.

The project also involved a workshop to provide an
opportunity for the user community to review and
comment on the proposed evaluation and repair criteria.
The workshop, open to the profession at large, was held
in Los Angeles on June 13, 1997 and was attended by
75 participants.

The project was conducted under the direction of ATC
Senior Consultant Craig Comartin, who served as Co-
Principal Investigator and Project Director. Technical
and management direction were provided by a
Technical Management Committee consisting of
Christopher Rojahn (Chair), Craig Comartin (Co-
Chair), Daniel Abrams, Mark Doroudian, James Hill,
Jack Moehle, Andrew Merovich (ATC Board
Representative), and Tim McCormick. The Technical
Management Committee created two Issue Working
Groups to pursue directed research to document the
state of the knowledge in selected key areas: (1) an
Analysis Working Group, consisting of Mark Aschheim
(Group Leader) and Mete Sozen (Senior Consultant)
and (2) a Materials Working Group, consisting of Joe
Maffei (Group Leader and Reinforced Concrete
Consultant), Greg Kingsley (Reinforced Masonry
Consultant), Bret Lizundia (Unreinforced Masonry
Consultant), John Mander (Infilled Frame Consultant),
Brian Kehoe and other consultants from Wiss, Janney,
Elstner and Associates (Tests, Investigations, and
Repairs Consultant). A Project Review Panel provided
technical overview and guidance. The Panel members
were Gregg Borchelt, Gene Corley, Edwin Huston,
Richard Klingner, Vilas Mujumdar, Hassan Sassi, Carl
Schulze, Daniel Shapiro, James Wight, and Eugene
Zeller. Nancy Sauer and Peter Mork provided technical
editing and report production services, respectively.
Affiliations are provided in the list of project
participants.

The Applied Technology Council and the Partnership
for Response and Recovery gratefully acknowledge the
cooperation and insight provided by the FEMA
Technical Monitor, Robert D. Hanson.

Tim McCormick
PaRR Task Manager

Christopher Rojahn
ATC-43 Principal Investigator
ATC Executive Director
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Prologue

This document is one of three to result from the ATC-43
project funded by the Federal Emergency Management
Agency (FEMA). The goal of the project is to develop
technically sound procedures to evaluate the effects of
earthquake damage on buildings with primary lateral-
force-resisting systems consisting of concrete or
masonry bearing walls or infilled frames. They are
based on the knowledge derived from research and
experience in engineering practice regarding the
performance of these types of buildings and their
components. The procedures require thoughtful
examination and review prior to implementation. The
ATC-43 project team strongly urges individual users to
read all of the documents carefully to form an overall
understanding of the damage evaluation procedures and
repair techniques.

Before this project, formalized procedures for the
investigation and evaluation of earthquake-damaged
buildings were limited to those intended for immediate
use in the field to identify potentially hazardous
conditions. ATC-20, Procedures for Postearthquake
Safety Evaluation of Buildings, and its addendum, ATC-
20-2 (ATC, 1989 and 1995) are the definitive
documents for this purpose. Both have proven to be
extremely useful in practical applications. ATC-20
recognizes and states that in many cases, detailed
structural engineering evaluations are required to
investigate the implications of earthquake damage and
the need for repairs. This project provides a framework
and guidance for those engineering evaluations.

What have we learned?
The project team for ATC-43 began its work with a
thorough review of available analysis techniques, field
observations, test data, and emerging evaluation and
design methodologies. The first objective was to
understand the effects of damage on future building
performance. The main points are summarized below.

* Component behavior controls global
performance.

Recently developed guidelines for structural
engineering seismic analysis and design techniques
focus on building displacement rather than forces as
the primary parameter for the characterization of

seismic performance. This approach models the
building as an assembly of its individual
components. Force-deformation properties (e.g.,
elastic stiffness, yield point, ductility) control the
behavior of wall panels, beams, columns, and other
components. The component behavior, in turn,
governs the overall displacement of the building and
its seismic performance. Thus, the evaluation of the
effects of damage on building performance must
concentrate on how component properties change as
a result of damage.

* Indicators of damage (e.g., cracking,
spalling) are meaningful only in light of the
mode of component behavior.

Damage affects the behavior of individual
components differently. Some exhibit ductile modes
of post-elastic behavior, maintaining strength even
with large displacements. Others are brittle and lose
strength abruptly after small inelastic
displacements. The post-elastic behavior of a
structural component is a function of material
properties, geometric proportions, details of
construction, and the combination of demand
actions (axial, flexural, shearing, torsional) imposed
upon it. As earthquake shaking imposes these
actions on components, the components tend to
exhibit predominant modes of behavior as damage
occurs. For example, if earthquake shaking and its
associated inertial forces and frame distortions
cause a reinforced concrete wall panel to rotate at
each end, with in-plane distortion, statics defines the
relationship between the associated bending
moments and shear force. The behavior of the panel
depends on its strength in flexure relative to that in
shear. Cracks and other signs of damage must be
interpreted in the context of the mode of component
behavior. A one-eighth-inch crack in a wall panel on
the verge of brittle shear failure is a very serious
condition. The same size crack in a flexurally-
controlled panel may be insignificant with regard to
future seismic performance. This is, perhaps, the
most important finding of the ATC-43 project: the
significance of cracks and other signs of damage,
with respect to the future performance of a building,
depends on the mode of behavior of the components
in which the damage is observed.

Repair of Earthquake Damaged Concrete and Masonry Wall BuildingsFEMA 308
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* Damage may reveal component behavior
that differs from that predicted by evaluation
and design methodologies.

When designing a building or evaluating an
undamaged building, engineers rely on theory and
their own experience to visualize how earthquakes
will affect the structure. The same is true when they
evaluate the effects of actual damage after an
earthquake, with one important difference. If
engineers carefully observe the nature and extent of
the signs of the damage, they can greatly enhance
their insight into the way the building actually
responded to earthquake shaking. Sometimes the
actual behavior differs from that predicted using
design equations or procedures. This is not really
surprising, since design procedures must account
conservatively for a wide range of uncertainty in
material properties, behavior parameters, and
ground shaking characteristics. Ironically, actual
damage during an earthquake has the potential for
improving the engineer's knowledge of the behavior
of the building. When considering the effects of
damage on future performance, this knowledge is
important.

* Damage may not significantly affect
displacement demand in future larger
earthquakes.

One of the findings of the ATC-43 project is that
prior earthquake damage does not affect maximum
displacement response in future, larger earthquakes
in many instances. At first, this may seem illogical.
Observing a building with cracks in its walls after an
earthquake and visualizing its future performance in
an even larger event, it is natural to assume that it is
worse off than if the damage had not occurred. It
seems likely that the maximum displacement in the
future, larger earthquake would be greater than if it
had not been damaged. Extensive nonlinear time-
history analyses performed for the project indicated
otherwise for many structures. This was particularly
true in cases in which significant strength
degradation did not occur during the prior, smaller
earthquake. Careful examination of the results
revealed that maximum displacements in time
histories of relatively large earthquakes tended to
occur after the loss of stiffness and strength would
have taken place even in an undamaged structure. In
other words, the damage that occurs in a prior,

smaller event would have occurred early in the
subsequent, larger event anyway.

What does it mean?
The ATC-43 project team has formulated performance-
based procedures for evaluating the effects of damage.
These can be used to quantify losses and to develop
repair strategies. The application of these procedures
has broad implications.

* Performance-based damage evaluation uses
the actual behavior of a building, as
evidenced by the observed damage, to
identify specific deficiencies.

The procedures focus on the connection between
damage and component behavior and the
implications for estimating actual behavior in future
earthquakes. This approach has several important
benefits. First, it provides a meaningful engineering
basis for measuring the effects of damage. It also
identifies performance characteristics of the
building in its pre-event and damaged states. The
observed damage itself is used to calibrate the
analysis and to improve the building model. For
buildings found to have unacceptable damage, the
procedures identify specific deficiencies at a
component level, thereby facilitating the
development of restoration or upgrade repairs.

o Performance-based damage evaluation
provides an opportunity for better allocation
of resources.

The procedures themselves are technical
engineering tools. They do not establish policy or
prescribe rules for the investigation and repair of
damage. They may enable improvements in both
private and public policy, however. In past
earthquakes, decisions on what to do about damaged
buildings have been hampered by a lack of technical
procedures to evaluate the effects of damage and
repairs. It has also been difficult to investigate the
risks associated with various repair alternatives.The
framework provided by performance-based damage
evaluation procedures can help to remove some of
these roadblocks. In the long run, the procedures
may tend to reduce the prevailing focus on the loss
caused by damage from its pre-event conditions and
to increase the focus on what the damage reveals
about future building performance. It makes little

Repair of Earthquake Damaged Concrete and Masonry Wall Buildings FEMA 308
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sense to implement unnecessary repairs to buildings
that would perform relatively well even in a
damaged condition. Nor is it wise to neglect
buildings in which the component behavior reveals
serious hazards regardless of the extent of damage.

Engineering judgment and experience are
essential to the successful application of
the procedures.

ATC-20 and its addendum, ATC-20-2, were
developed to be used by individuals who might be
somewhat less knowledgeable about earthquake
building performance than practicing structural
engineers. In contrast, the detailed investigation of
damage using the performance-based procedures of
this document and the companion FEMA 306 report
(ATC, 1998a) and FEMA 307 report (ATC, 1998b)
must be implemented by an experienced engineer.
Although the documents include information in
concise formats to facilitate field operations, they
must not be interpreted as a "match the pictures"
exercise for unqualified observers. Use of these
guideline materials requires a thorough
understanding of the underlying theory and
empirical justifications contained in the documents.
Similarly, the use of the simplified direct method to
estimate losses has limitations. The decision to use
this method and the interpretation of the results must
be made by an experienced engineer.

* The new procedures are different from past
damage evaluation techniques and will
continue to evolve in the future.

The technical basis of the evaluation procedures is
essentially that of the emerging performance-based

seismic and structural design procedures. These will
take some time to be assimilated in the engineering
community. The same is true for building officials.
Seminars, workshops, and training sessions are
required not only to introduce and explain the
procedures but also to gather feedback and to
improve the overall process. Additionally, future
materials-testing and analytical research will
enhance the basic framework developed for this
project. Current project documents are initial
editions to be revised and improved over the years.

In addition to the project team, a Project Review Panel
has reviewed the damage evaluation and repair
procedures and each of the three project documents.
This group of experienced practitioners, researchers,
regulators, and materials industry representatives
reached a unanimous consensus that the products are
technically sound and that they represent the state of
knowledge on the evaluation and repair of earthquake-
damaged concrete and masonry wall buildings. At the
same time, all who contributed to this project
acknowledge that the recommendations depart from
traditional practices. Owners, design professionals,
building officials, researchers, and all others with an
interest in the performance of buildings during
earthquakes are encouraged to review these documents
and to contribute to their continued improvement and
enhancement. Use of the documents should provide
realistic assessments of the effects of damage and
valuable insight into the behavior of structures during
earthquakes. In the long run, they hopefully will
contribute to sensible private and public policy
regarding earthquake-damaged buildings.

Repair of Earthquake Damaged Concrete and Masonry Wall Buildings ; ~~~~~xiiiFEMA 308



Introduction

1.1 Purpose
The purpose of this document is to present practical
guidance for the repair and upgrading of earthquake-
damaged buildings with primary lateral-force-resisting
systems consisting of concrete bearing walls, masonry
bearing walls, or infilled frames. The guidance consists
of a policy framework for facilitating the determination
of the appropriate scope of repair or upgrading
measures. This document also includes outlines of
specific repair techniques that can address the
component damage common to these buildings. The
criteria and procedures are based on the evaluation of
the anticipated seismic performance of a subject
building at three different times: in its condition
immediately before the damaging earthquake (pre-
event), in its damaged condition, and in its repaired or
upgraded condition. This document may be used as a
technical resource to facilitate the settlement of
insurance claims, the development of policy and
strategy for repair, or other appropriate purposes. The
intended users of the document are design engineers,
building owners, building officials, insurance adjusters,
and government agencies.

1.2 Scope
This document is one of several to result from a
research project on the evaluation and repair of
earthquake-damaged concrete and masonry wall
buildings. Concrete and masonry wall buildings include
those with vertical-load-bearing wall panels, with and
without intermediate openings. In this document,
concrete and masonry wall buildings also include those
with vertical-load-bearing frames of concrete or steel
that incorporate masonry or concrete infill panels to
resist horizontal forces. The specific recommendations
for repair technologies developed for this project
primarily address the type of damage normally
encountered in concrete and masonry wall buildings;
however, the policy framework developed in this
document applies to buildings in general without regard
to structural system.

The guidance on policies and techniques for repair of
earthquake damage in this document addresses:

1. The parameters normally considered in decisions
on the scope of repair or upgrading for buildings
damaged by earthquakes

2. The formulation of these parameters in terms of the
anticipated seismic performance of buildings in
their pre-event, restored, and upgraded conditions

3. The process of evaluating anticipated seismic per-
formance to decide whether to accept, restore, or
upgrade earthquake-damaged buildings

4. The development of repair strategies to meet perfor-
mance goals

5. Specific repair techniques to address damaged
structural components in concrete and masonry wall
buildings

1.3 Basis
The policy framework and repair techniques in this
document are based on the evaluation of the effects of
earthquake damage on the anticipated future
performance of buildings. FEMA 306: The Evaluation
of Earthquake-DamagedConcreteand MasonryWall
Buildings- Basic ProceduresManual(ATC,1998a)
documents the performance-based evaluation
procedures. The procedures and criteria in FEMA 306
address:

1. The investigation and documentation of damage
caused by earthquakes

2. The classification of the damage for building com-
ponents according to mode of structural behavior
and severity

3. The evaluation of the effects of the damage on the
performance of the building during future earth-
quakes

4. The development of hypothetical measures that
would restore the performance to that of the undam-
aged building

FEMA 307: The Evaluation of Earthquake-Damaged
Concreteand Masonry WallBuildings- Technical
Resources (ATC, 1998b) provides supplemental data
that facilitates use of the FEMA 306 procedures. The
evaluation procedures build, to the extent possible, on
existing performance-based procedures in the FEMA
273 and FEMA 274 reports, NEHRP Guidelinesfor the
Seismic Rehabilitation of Buildings (ATC, 1997a), and
companion Commentary (ATC, 1997b) and the ATC-40
report, Seismic Evaluation and Retrofit of Concrete
Buildings (ATC, 1996). The intention is to document

Repair of Earthquake Damaged Concrete and Masonry Wall Buildings
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Chapter 1: Introduction

and adapt the existing state of knowledge rather than to
develop completely new techniques. This approach also
contributes to consistency of language, nomenclature,
and technical concepts among emerging procedures
intended for use by structural engineers.

As a part of the research program for FEMA 306, 307
and this document (FEMA 308), two issues working
groups focused on the key aspects of adapting and
enhancing the existing technology to the evaluation and
repair of earthquake-damaged buildings. The general
scope of work for each group is outlined in FEMA 307.
The scope of work for the Materials Working Group
included the review and summary of repair techniques
for concrete and masonry wall buildings. The group
reviewed experimental and analytical research reports,
technical papers, standards, manufacturers'
specifications, and practical example applications
relating to the repair of damage in concrete and
masonry walls and infill panels. The primary interest
was the repair of earthquake damage to structural
components. The review focused on materials and
methods of installation and tests for assessing the
effectiveness of repair techniques for cracking,
crushing, and deterioration of concrete or masonry; and
yielding, fracture, and deterioration of reinforcing steel.
Based on the review, practical guidelines for damage
repair were developed and are contained in this
document (FEMA 308). These guidelines consist of
outline specifications for equipment, materials, and
procedures required to execute the repairs as well as
criteria for quality control and verification of field
installations. The efficacy and advisability of various
techniques are discussed in relation to the objective of
restoring and supplementing the force-deformation
behavior of individual components.

1.4 Document Overview
This document comprises three major parts. First,
background material on repair of earthquake-damaged
buildings is summarized in Chapter 2. This consists of
some discussion of experiences of communities after
recent past earthquakes. The result is the identification
of some common issues and parameters for earthquake
repair policies and procedures, as well as some
technical impediments to the overall process.

Chapter 3 briefly reviews the performance-based
damage evaluation procedures of FEMA 306. It also
introduces a policy framework based on building
performance parameters. Recommendations are offered

to both public policy agencies and private-sector
building owners to facilitate the use of the performance-
based framework.

Finally, Chapter 4 discusses the implementation of
repairs. Although conventional prescriptive approaches
are acceptable alternatives in many simple cases, the
use of performance-based standards is recommended
for general application. Typical repairs are categorized
according to their intended objective. Outline
specifications for repairs typically applied to concrete
and masonry wall buildings are tabulated.

1.5 Limitations
The policy framework for repair presented in this
document incorporates parameters related to the
performance characteristics of individual buildings, the
shaking severity of the damaging event, performance
objectives for future events, thresholds for restoration
and upgrading, and others. Policy decisions include the
selection of specific limits or values for some of these
parameters. This document is not intended to
recommend policy for the repair or upgrading of
buildings beyond the use of the generic framework.
Specific limits or values for controlling parameters are
not recommended in this document. In some cases,
examples are used for illustration. These should not be
construed by the user as policy recommendations.

Earthquakes can cause damage to both the structural
and the nonstructural components of buildings. This
document addresses structural damage. The direct
evaluation of nonstructural damage is not included. The
effects of structural damage on potential future
nonstructural damage can be addressed indirectly by the
selection of appropriate seismic performance objectives
for the evaluation procedure.

The term damage, when used in this document, refers to
the damage suffered during the damaging earthquakeby
the building in its existing condition immediately before
the earthquake. It is important to note that prior effects
of environmental deterioration, service conditions, and
previous earthquakes are considered to be pre-existing
conditions and not part of the damage to be evaluated.

The procedures and criteria for evaluating and repairing
damage in this document have been based on the
current state of the knowledge on nonlinear inelastic
behavior of structures and structural components. This
knowledge will expand over time. The evaluation

FEMA 3Ut�
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Chapter 1: Introduction

procedures and the information on component behavior
must be adapted appropriately to reflect new
information as it becomes available.

The interpretation of damage as it relates to the
performance of buildings subject to earthquakes is
complex and requires experience and judgment. These
procedures and criteria provide a framework for an
engineer to apply experience and to formulate
judgments on the effects of earthquake damage on
future performance. The validity of the results primarily

depend.on the capability of the engineer, or engineers,
as opposed to the procedures and criteria themselves.

In the past, other methodologies have been used to
evaluate buildings damaged in earthquakes and to
design repairs. If the procedures and criteria of this
document are applied retroactively to such buildings,
the results may be different. Any difference is not
necessarily a reflection on the competence of the
individual or firm responsible for the original work.
This should be judged on the basis of the procedures
and criteria that were available at the time of the work.

Repair of Earthquake Damaged Concrete and Masonry Wall BuildingsFEMA 308 3



Background

2.1 Introduction
The effort to improve policy regarding the repair of
earthquake-damaged buildings benefits from
observations on the recovery of communities after past
earthquakes. Recent experience in California and Japan
reflect recent recovery efforts in urban and suburban
settings and a range of local damage intensities. These
observations lead to a synthesis of key policy
considerations. They also reveal major technical
challenges that must be met before policy can be
improved.

2.2 Experience in Recent Past
Earthquakes

In 1975, an earthquake in northern California severely
affected the small town of Oroville. Many buildings in
its downtown central business district were closed due
to damage. The situation also raised concern for the
safety of other buildings, particularly unreinforced
masonry (URM) buildings. With the assistance of
several engineers, the city council quickly passed an
ordinance allowing the reopening of buildings provided
that repairs designed by a civil or structural engineer
reduced risk to an acceptable level (Olson and Olson,
1992). These repairs did not need to comply with
current code requirements. The city also began to
develop criteria for evaluation and retrofit of all
buildings for seismic safety. Significant opposition from
the local business community soon materialized,
however, because of economic concerns over the costs
of repairs and mitigative actions. After a period of
intense political wrangling, the city council
significantly weakened the repair ordinance and
defeated the proposal for evaluation and retrofit.

After the Loma Prieta earthquake of 1989, the city of
San Francisco relied primarily on the San Francisco
Building Code (City and County of San Francisco,
1989) as a standard for repair and upgrading of
damaged buildings. The San Francisco code is based on
the Uniform Building Code (UBC), which is prepared
by the International Conference of Building Officials
(ICBO). The UBC allows repairs or alterations to
existing structures so long as the repairs themselves
conform to the provisions of the code. Absent a change
in occupancy or other major change for the building,
there is no UBC requirement to upgrade the entire
building to the current provisions of the UBC. San

Francisco modified this section of the code to require
that the building be upgraded to full compliance (at the
75% force level) when the repairs reach a certain
threshold. The existing trigger in the San Francisco
code at the time of Loma Prieta required full
compliance (at the 75% force level) when 30% of the
structure was affected by the work. In practice, this
provision has been extremely difficult to interpret and
apply (Holmes, 1994).

Other cities implemented requirements for seismic
upgrading based on a loss of lateral-load-carrying
capacity as a result of the damaging earthquake. In
Oakland, California, buildings damaged by the 1989
Loma Prieta earthquake were required to be upgraded to
full compliance with the UBC if they lost a certain
percentage of their capacity. Buildings were divided
into two risk categories, relatively high and normal.
Those determined to have a high risk, based on type of
construction, size, and occupancy were required to be
brought into full compliance if they had lost more than
10% of their lateral-load-resisting capacity. Those in the
lower-risk group could lose 20% before full upgrade
was required. Exceptions to full compliance could be
issued by the building official for buildings of historical
significance and for those where the cost was
considered economically unfeasible. Nonetheless, these
exceptions still were required to conform to the 1973
UBC and the California State Historic Building Code,
where applicable.

The town of Los Gatos, a small community located
relatively near the epicenter of the 1989 Loma Prieta
earthquake, suffered extensive damage, particularly to
its historic area. Rather than adopt standards that would
be applied to all types of buildings and observed
damaged conditions, Los Gatos developed policies
based on five categories of damaged buildings. These
included historic buildings, unreinforced masonry
buildings, older wood-frame dwellings, older
commercial buildings of various types, and damaged
masonry chimneys (Russell, 1994). The URM buildings
were required to be brought into compliance with a
standard essentially equivalent to Division 88 of the Los
Angeles Building Code (City of Los Angeles, 1985).
This is a prescriptive model building ordinance directed
at risk reduction performance for unreinforced masonry
buildings. Damaged buildings other than the URM
structures were required to have repairs designed to
meet 75% of the lateral-force requirements of the 1985
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edition of the UBC. This was the current code in effect
in Los Gatos at the time of the earthquake. Further, the
owner's engineer was allowed to prescribe repair or
strengthening only for those structural elements found
to have suffered damage. In effect, this policy was
consistent with the requirements for alterations and
repairs in the Uniform Building Code.

The city of Santa Cruz, located very close to the
epicenter of the 1989 Loma Prieta earthquake, also
suffered severe damage to its downtown area. The city
passed an ordinance requiring all damaged buildings to
meet the lateral-force requirements of the 1970 UBC.

Santa Clara County near San Jose allowed damaged
URM buildings to be repaired by upgrading to the
requirements of their URM ordinance, which was
passed immediately after the 1989 Loma Prieta
Earthquake. Their requirements are similar to Division
88 in Los Angeles.

Damage caused by the Northridge earthquake in 1994
in southern California was greater overall and more
widespread than damage caused by the Loma Prieta
earthquake. Repair requirements varied by local
jurisdiction (CSSC, 1994). In the City of Los Angeles,
when the damage at a floor resulted in less than a ten
percent loss of capacity along any single line of
resistance, the damaged sections could be replaced with
the same construction. If the damage in any single line
of resistance exceeded 10% of capacity, all components
in the line were required to be brought into full code
compliance. If the total loss of capacity at any floor
exceeded 50%, the entire lateral-force-resisting system
of the entire floor had to be brought into full
compliance. Because of the technical difficulty in
interpreting these requirements, the recommendations
of individual engineers were accepted in most cases.

In 1991, the Japan Building Disaster Prevention
Association issued guidelines for the inspection and
restoration of earthquake-damaged buildings (Sugano,
1996). These guidelines were generally used in the
Kobe area following the earthquake in 1995. The
options for dealing with damaged buildings in these
guidelines include acceptance of the building in its
damaged condition, repair to its pre-event condition,
strengthening to a level greater than its pre-event
condition, or demolition. The recommended action
depends on two factors. The first is the level of damage
that was sustained during the damaging event. There are
five classifications for the degree of damage ranging

from "slight" to "collapse". Procedures are provided to
categorize the degree of damage based on the damage
observed in the field. The second factor determining the
degree of repair or upgrade required for the building is
the intensity of shaking in the vicinity of the building.
This is designated in accordance with the Japanese
Meteorological Agency intensity scale, which has five
levels of shaking intensity. This scale is qualitative and
similar to the Modified Mercalli Intensity scale used in
the United States. These guidelines recognize that the
level of repair or upgrade depends both on the amount
of damage and on the intensity of shaking to which the
building was subjected. It differs from the approach of
the City of Oakland and others who established a loss-
of-capacity criterion that apparently applies regardless
of the intensity of shaking.

2.3 Basic Policy Considerations
All communities in past earthquakes addressed the
challenge of recovery and reconstruction their own
ways. In spite of this, observations on these experiences
lead to several general conclusions and key
considerations for future policy:

1. The economic impact of earthquakes is a major fac-
tor in the implementation of policies for repair and
upgrading after an event. A damaging earthquake
presents particularly difficult and complex prob-
lems for individual building owners and the general
community. Owners may be confronted with large
repair costs along with a business downturn, both
caused by the earthquake. It is in the community's
long-term interest to require restoration or upgrad-
ing of damaged buildings to avoid similar or greater
losses in future earthquakes. In the short term, how-
ever, restrictive policies for repair can restrain vital
economic recovery. Effective policy to deal with
this situation is a balance of often-competing
imperatives including, for example, public safety,
private property rights, historic preservation, urban
planning, economic development, and ethical and
legal considerations.

2. There is a virtually complete lack of standards
directed toward the postearthquake repair of dam-
aged buildings. Most jurisdictions rely upon some
adaptation of an existing code or model building
ordinance for these guidelines. These adaptations
are developed after the event in a reactive manner
by city governments and engineers.
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3. The policies for specific buildings are related to
their occupancy and function. It seems reasonable
to hold important buildings to a somewhat higher
standard than others. The risk of failure associated
with damage in a hospital is greater than that for
single-family residences.

4. The vulnerability associated with different building
types is a factor. Older buildings or those with
structural systems known to pose greater risks dur-
ing earthquakes (e.g., URM) are often held to more
stringent requirements.

5. Insurance companies and agencies tend to measure
losses by comparing the damaged condition of
buildings to their pre-event condition. While this
policy limits the liability of the insurer, it does little
to reduce future losses, particularly for larger
events.

6. There is a tolerance for some amount of damage
during an earthquake. This seems logically to be
related to the intensity of shaking of the damaging
earthquake. If a building suffers a small amount of
damage in a small or moderate event, most commu-
nities are willing to accept this damage, or, at the
most, require that the building be brought back to
its previous condition. On the other hand, when
buildings suffer a large amount of damage in a
small or moderate event, the tolerance for accep-
tance of the restoration to the previous condition is
less. This attitude is related to the economic consid-
erations discussed above.

2.4 Technical Impediments
Experience from recent past earthquakes demonstrates
that technical improvement in engineering standards for
the evaluation and repair of buildings would enhance
and facilitate the recovery. Holmes (1994) summarized
the primary impediments to effective standards for the
evaluation and repair of earthquake damage. These are
consolidated and summarized as follows:

1. Lack offormalized methods for analyzing the real-
isticeffectsof earthquakeshakingand resulting
damageon theperformanceof buildingsand their
components. Traditionally, the focus of structural
analysis and design has been on forces. This is due
to the fact that the most obvious structural demand
that most buildings face are their own weight and
the imposed vertical load. These are easily and

acceptably treated as static forces. Over the years, it
has become increasingly clear that the dynamic
loads imparted to buildings by earthquakes are fun-
damentally different from static loads. The magni-
tude of the demand depends on the weight and
stiffness of the building. Inevitably, the structure
yields to dissipate energy during an earthquake.
When it does, ductility, the ability to deform inelas-
tically without abrupt loss of strength, is a critical
capacity parameter. Stiffness, energy dissipation,
and ductility are all dependent on displacements, as
is damage.

Traditional analyses of forces assume linearly-
elastic structural response. Therefore, the global
demand is reduced and the allowable component
force capacities are increased to account indirectly
for inelastic behavior. The actual global
displacement of the structure and the distortion of
its components remain obscure, at best. Since
damage depends on the actual displacements, the
condition of the structure for a specific level of
force is very difficult to characterize. This can be
visualized by examining a typical inelastic capacity
curve for a building (see Figure 2-1). As the
structure begins to yield, the curve generally
flattens with respect to the displacement axis. In the
inelastic region, a small change in force can result
in a large change in displacement. This is a
fundamental improvement in analysis that is
currently emerging in engineering practice (ATC,
1996; 1997a,b).

The key to realistic evaluation of the effects of
earthquake damage on performance is a
methodology that focuses on displacements rather
than forces.

2. Limited information on the behavior of structural
components particularly on the effectiveness of
repairs, the relationship between repair techniques
anddamageintensity,andthe effectsof local repair
on global behavior Traditional codes and structural
analysis techniques address structural component
behavior in the linear range. Little data on inelastic
behavior have been formally compiled from avail-
able research and test results. Observations of dam-
age (e.g., crack size and extent) to components have
not been related to changes in structural properties.
There are few standards for design and construction
related to the repairs normally used for damaged
structural components, nor are there readily avail-
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Figure 2-1 Sensitivity of displacement to changesin force

able data on the effect of repairs on structural prop-
erties.

The state of knowledge on component behavior
needs to be documented and augmented as
necessary to relate damage (and repair) to structural
performance.

3. Inadequate methods of measuring the significance
of damage with respect tofuture risks. When con-
sidering what to do with a building damaged by an
earthquake, a logical question is: "How does the
damage affect what will happen in a future earth-
quake?" Design codes and conventional engineer-
ing methodologies are prescriptive, and they do not

provide specific insight into seismic performance of
new or damaged existing buildings. The costs to
upgrade a damaged building to current code provi-
sions are rarely trivial. The implication of a com-
munity building department requirement for such
upgrade work is that the future consequences of
earthquakes to the community are worth the price.
Similarly, the decision by a building owner to
accept a damaged building without repair is tacit
acceptance of the future costs.

Effective earthquake repair policy and individual
decisions require better estimates of future seismic
performance.
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Performance-Based PolicyFramework

3.1 Introduction
In practice, successful recovery after a damaging
earthquake depends on effective policies and a
cooperative effort between the private and public
sectors. The action to be taken on a damaged building is
ultimately the responsibility of the owner. Normally,
however, the owner's options are constrained through
building regulations intended to protect public safety
and to reduce future economic losses. The experience in
past earthquakes outlined in Chapter 2 suggests that
policy planning for recovery in advance of earthquakes
might greatly improve the process. Such planning could
address key considerations encountered after past
earthquakes. The performance-based procedures for the
evaluation of earthquake-damaged buildings presented
in FEMA 306 and FEMA 307 can provide improved
technical information to facilitate both the planning and
recovery efforts. These procedures allow policies and
decisions to be fundamentally based on estimates of the
performance of damaged, restored, or upgraded
buildings.

3.2 Basic Alternatives
There are a number of alternatives for dealing with a
building that has been damaged by an earthquake. For
the purposes of developing a policy framework to
facilitate the decision-making process, three alternatives
are considered:

* Accept the building for continued use in its damaged
condition. Sometimes the damage is obviously
slight, implying that the building is only marginally
worse off than before the damaging earthquake. If
the damage is greater and the building seems more
prone to future damage, perhaps the occupancy can
be changed to reduce the risk and, at the same time,
avoid repairs.

* Restore the building to its pre-event condition. It
seems logical to fix the damage that was done. In
fact, this is the traditional approach in the insurance
industry. The restored building would behave in
future earthquakes as it would have in its pre-event
condition. The risks would be no greater than before
the damaging event.

* Upgrade the building to a condition of improved
seismic performance compared to its pre-event

condition. Earthquake damage can reveal significant
deficiencies in buildings. The risks associated with
the building in future earthquakes, even in a restored
condition, might be too large. In this case, the repairs
are designed to improve the future performance and
to reduce risks.

Selecting among these basic alternatives for a damaged
building requires consideration of all of the policy
issues outlined in Chapter 2. The decision process and
the alternatives themselves imply a capability to answer
a fundamental technical question: How can the
acceptability of a building's anticipated earthquake
performance be measured? A benchmark is needed to
compare the performance of the building in damaged,
restored, and upgraded states.

3.3 Damage Evaluation
Procedure

There has been a tendency to attempt to gauge the effect
of earthquake damage by estimating the loss of lateral-
force-resisting capacity of the structure (Hanson, 1996).
It has been assumed that this loss can be related to the
observed width and extent of concrete and masonry
cracks in damaged shear-wall buildings, for example. In
reality, there is widespread disagreement on the effect
of cracking on capacity and skepticism on the suitability
of force capacity itself as a parameter for measuring
damage.

Recent progress in the development of performance-
based evaluation techniques allows a more meaningful
measurement of the effect of damage on concrete and
masonry wall buildings (FEMA 273/274, and ATC-40).
Performance-based procedures characterize the effects
of earthquake shaking on structures in terms of
displacement limit states. The adaptation of these
procedures to the evaluation of earthquake-damaged
buildings is presented in FEMA 306. The evaluation
procedure assumes that when an earthquake causes
damage to a building, a competent engineer can assess
the effects, at least partially, through visual inspection
augmented by investigative tests, structural analysis,
and knowledge of the building construction. By
determining how the structural damage has changed
structural properties, it is possible to compare
analytically the future performance of the damaged
building with that of the building in its undamaged
condition. It is also feasible to investigate the
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effectivenessof potential measures to restore or upgrade
the damaged building.

3.3.1 Performance Objectives
The proposed evaluation procedure is performance-
based; that is, it measures acceptability (and changes in
acceptability caused by previous damage) on the basis
of the degree to which the structure achieves one or
more performance levels for the hazard posed by one or
more hypothetical future earthquakes. A performance
level typically is defined by a particular damage state
for a building. Commonly-used performance levels, in
order of decreasing amounts of damage, are collapse
prevention, life safety, and immediate occupancy.
Hazards associated with future hypothetical
earthquakes commonly are defined in terms of ground
shaking amplitudes with a certain likelihood of being
exceeded over a defined time period, or in terms of a
characteristic earthquake likely to occur on a given
fault. The combination of a performance level and a
hazard defines a performance objective (ATC, 1996;
1997a, b).

3.3.2 Global Displacement
Parameters

The performance-based procedures use structural
analysis methods that focus on realistic estimates of the
displacements of a building subjected to seismic ground
motions. These nonlinear static procedures (NSPs)
generate a plot, called a capacity curve (see Figure 3-1),
that relates a global displacement parameter (at the roof
level, for example) to the lateral force imposed on the
structure. There are several available NSPs, and they
differ from one another in the technique used to
estimate the maximum global displacement, dd, for a
given ground motion. The damage evaluation procedure
provided in FEMA 306 uses NSPs to compare a global
displacement capacity limit for a specific performance
level, d, (Figure 3-2), with a maximum global
displacement demand for a particular ground shaking
hazard, dd (Figure 3-3). The ratio of the displacement
capacity, dc, of the building for the specific performance
level to the displacement demand, dd, for a specific
hazard is a measure of the degree to which the building
meets the associated performance objective.

3.3.3 Structural Components
The FEMA 306 evaluation method uses a model of the
building composed of its structural components. The

Figure 3-1 Capacity curves from nonlinear static
procedures.
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Figure 3-2 Global displacement capacities, dc, for
various performance levels

behavior of the structure in its undamaged, damaged,
and restored conditions is controlled by associated
inelastic force-deformation relationships for each
component. The model for analysis of the building
comprises an assembly of individual structural
components. The force-deformation characteristics for
individual components are idealizations of
representative hysteretic behavior under cyclic loading
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Figure 3-3 Global displacement demand for
undamaged, damaged, and restored!
upgraded conditions

conditions (Figure 3-4). For a given global
displacement of a structure subjected to a given lateral
load pattern, there is an associated deformation for each
of the structural components of the building. Since
inelastic deformation indicates component damage,
then the maximum global displacement, dd, to occur
during an earthquake represents a structural damage
state for the building in terms of inelastic deformations
for each of its components. The capacity of a given
structure for a given performance level is represented by
the maximum global displacement, dc, at which the
damage is on the verge of exceeding the limit for the
specific performance level. For example, the collapse-
prevention capacity of a building might be the roof
displacement at which the associated damage would
result in one or more of the column components being
in danger of imminent collapse.

At the beginning of the evaluation process, the engineer
identifies basic components and documents the damage
to each. The global displacement parameters for the

Figure 3-4 Structural component force-deformation
characteristics

building are calculated using component properties for
the pre-event conditions (dc and dd).The structural
properties of the components then are modified to
reflect the effects of the observed damage using factors
contained in FEMA 306 supplemented by additional
information contained in FEMA 307. This allows the
evaluation of the global displacement parameters for the
building in its damaged condition (,d' and dd).
Information also is provided to modify component
properties to reflect the effects of repairs to restore or
upgrade on global displacement parameters (dc and
d; ) for the building.

3.4 Performance Capacity and
Loss

The ratios of global displacement limits or capacities
(dr, d', d2 ) for a specific performance level to the

C 

corresponding displacement demands (dd,d', d; ) for a
specific seismic hazard define indices of measurement
(PEP, P*) of the ability of an undamaged ( ), damaged
('), or restored or upgraded (*) building to meet a
specific performance objective (see Figure 3-1). These
indices are:
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P = d /dd Pre-event performance index,

P = dc I dd Damaged performance index,

P = d* I dd* Restored or upgraded performance

index.
If a performance index is less than one, the implication
is that the building in its undamaged ( ), damaged ('), or
repaired (*) state is not able to meet the specific
performance objective. If a performance index is 1.0 or
greater, the implication is that it can meet the objective.
Note that these indices are always associated with a
specific performance objective. The same building may
have different performance indices for different
performance objectives.

The ratio of the damaged performance index, P', to the
undamaged, P, for a building for a specific performance
objective is a measure of the anticipated performance
capacity of the damaged building relative to that for the
building in its pre-event state. The loss in performance
capacity caused by damaging ground motion is:

L = 1 - (P'IP)

3.5 Restoration or Upgrade
Procedure

The procedures of FEMA 306 include guidelines for
formulating repair measures to restore the damaged
building to its pre-event performance capability. If the
performance capability of the structure for a selected
performance objective is diminished by the effects of
earthquake damage (P' < P) the magnitude of the
economic loss is quantified by the costs of performance
restoration measures. These are hypothetical actions
that, if implemented, would result in future performance
approximately equivalent to that of the undamaged
building (P* =P). Performance,restoration measures
may take several different forms:

a. Component restoration entails the repair of
individual components to restore structural
properties that were diminished as a result of the
earthquake damage. For example, cracks in a
shear wall might be injected with grout to restore
component strength and stiffness. Outline
specifications for typical repairs for concrete and
masonry wall buildings are included in this
document in Chapter 4.

b. An extreme case of component repair is
complete replacement. A severely damage wall
section might be completely removed and
replaced with a similar or improved component.
In some cases, this is the only alternative. In
other cases, it may be an economic alternative.

c. Performance can also be restored by the addition
of supplemental lateral-resisting elements or
components. Instead of repairing or replacing a
damaged section of wall, a new wall element
might be installed in another location.

The process of formulating performance restoration
measures involves developing a component-level
strategy that includes one, or a combination, of the three
alternatives. The measures are then tested by analyzing
the performance of the modified structure and adjusting
the scope of the measures until the performance is
approximately the same as that of the pre-event building
(P* =P)

The same basic strategy can be used to formulate
performance upgrade measures to provide the capacity
to meet the selected performance objective (P* 1.0).

3.6 Relative Seismic Demand
Decisions regarding an appropriate policy for the
acceptance, restoration, or upgrade of earthquake-
damaged buildings, depend in part on the severity of the
damaging event (Section 3.8). The severity of shaking is
a function of the magnitude of the damaging event as
well as the epicentral distance and the amplification
caused by site soils. The Modified Mercalli Intensity
scale or other intensity scales can be useful in
formulating a qualitative perspective of shaking severity
for a specific building relative to others in the vicinity.
Quantitative parameters include site peak ground
acceleration and spectral acceleration at the period of
the building.

Displacement-based analysis procedures also can be
used to gauge the relative severity of ground motion
demand on specific buildings. FEMA 306 provides
guidance on estimating the maximum displacement, de,
caused by the damaging ground motion using the
capacity curve and the damage observations for a
specificbuilding. The capacity curve can also be used to
estimate the maximum displacement demand, dd, for a
performance ground motion. The ratio, S, of the real
global displacement, de, caused by the damaging
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ground motion to the hypothetical displacement
demand, dd, for the performance ground motion is an
index of relative displacement demand and is
represented as:

S = de Idd

The relative displacement demand provides an
improved and unambiguous measure of the demand on
the building associated with the damaging earthquake
for several reasons. First, it is a measure that applies
directly to the specific building and site. Secondly, the
basis of measurement, displacement, is a better index of
damage for buildings than acceleration. Finally, the
index is normalized relative to a defined performance
objective.

3.7 Relative Risk
The capacity curve for a pre-event ( ), damaged ('), or
repaired (*) building allows one to estimate

Figure3-5 Global displacement demandsand
capacities

displacement demands for various levels of seismic
hazard as shown in Figure 3-5. These may be generated
using nonlinear static procedures according to the
recommendations in FEMA 306, in conjunction with
the appropriate capacity curve. In Figure 3-5 these are
plotted on the upper horizontal axis noting their chance
of exceedance in 50 years. Component acceptability
criteria in conjunction with capacity curves also can be

used to define global displacement limits for various
performance levels (e.g., immediate occupancy, life
safety, collapse prevention). These are shown in
Figure 3-5 along the lower horizontal axis. The
combined plot provides a complete picture of the risks
associated with the particular repair alternative.

Global displacement demand for various repair
alternatives can also be plotted versus a risk parameter
as shown in Figure 3-6. The intersection of a global
displacement capacity value, for a selected performance
level, with the corresponding displacement demand
curve allows an estimate of the risk that the
performance level would be exceeded for a given repair
alternative. Doing this for several repair alternatives, as

Figure 3-6 Risk associated with damage
acceptance,restoration, and upgradefor
a specific performance objective

shown in Figure 3-6, provides a comparison of the risks
associated with each alternative for the selected
performance level. For example, suppose that the
performance level of interest is life safety. Figure 3-6
illustrates that the chance that the global displacement
demand would exceed the life safety capacity of the
damaged structure is slightly higher than 20% in fifty
years. Restoration of the structure to its pre-event
condition would reduce the life safety risk to less than
10%. The upgrade could reduce risk to just above 2% or
approximately ten times less than the damaged structure
in this illustration.
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3.8 Thresholds for Restoration
and Upgrade

The decision on an appropriate course of action (accept
damage, restore, or upgrade) for a specific building
damaged during an earthquake depends on a number of
interrelated factors discussed below:

a. Relative Severity of Damaging GroundMotion.
The tolerance for damage caused by relatively
large earthquake ground motions is logically
greater than if the same damage were caused by
small ground motions. It makes sense that a
building significantly damaged by small ground
motions is a good candidate for upgrading. After
earthquake ground motions at about the design
level for which damage is expected, a less
restrictive policy on upgrading will facilitate the
economic recovery of the community.

b. Theacceptabilityof performancecharacteristics
of the building after the damaging earthquake.
If the damaged building is capable of meeting
reasonable performance objectives in its
damaged state, repair or upgrading may be
unnecessary. It is also possible that short-term
performance objectives, lower than those
appropriate for the longer term, may be
reasonable to use in some circumstances,
eliminating the need for immediate action.

c. The acceptabilityof performancecharacteristics
of the building before the damaging earthquake.
The decision between restoration and upgrading
is largely controlled by the acceptability of the
restored performance, which would be equivalent
to that before the earthquake. It is not logical to
restore a building to a poor level of expected
performance.

d. The change in performance characteristics of the
building caused by the damaging earthquake.
If the damaging earthquake causes a large
decrease in the performance characteristics of a
building, restoration or upgrading are obviously
more advisable than if the loss were small. Small
losses, particularly for large earthquakes, are
often acceptable.

e. Nonseismic issues related to the condition and
use of the building. Nonseismic deficiencies
(e.g., disabled access, fire and life safety,
programmatic, maintenance) are important
considerations. So is the anticipated future use of

a building and any change in appropriate seismic
performance objectives. It makes little sense to
extend the life of a building significantly without
addressing seismic deficiencies.

Some of these factors governing decisions on
acceptance, restoration, or upgrading have no
fundamental technical basis. The rationale for allowing
some leeway in these decisions to account for
nontechnical considerations is based on the precedent
established in past earthquakes and common sense. It is
helpful, however, to establish quantifiable parameters to
represent the results of judgement and experience.

The performance indices for the building in its pre-
event (P) and damaged (P) condition can be determined
using the relative performance analysis procedures of
FEMA 306. Component acceptability and global
displacement demand control the thresholds for
restoration and repair because the performance index
for both the pre-event structure (P) and the damaged
structure (P') are defined as the ratio of global
displacement capacity (d, or d,') to the global
displacement demand (dd or ddt). The behavior of
individual components, as discussed in Section 3.3.3
and FEMA 306, governs global displacement
capacities. Performance loss, L, is a function of the
performance indices.

Boundaries between acceptance and restoration, and
between acceptance or restoration and upgrading can be
defined as in Tables 3-1 and 3-2. The parameters
introduced in these tables can be plotted, for a given
damaging earthquake with relative displacement
demand, S. as illustrated in Figure 3-7a and b and used
as a guide for the need for restoration or upgrading of a
damaged building.

The performance loss (L) for the selected objective is
determined and plotted as a horizontal line as in
Figure 3-7a and b. Figure 3-7a illustrates the boundary
between restoration or upgrade and acceptance of the
damage. Figure 3-7b illustrates the boundary between
damage acceptance (or restoration) and upgrade.
Turning first to Figure 3-7a, the point (P', L) is used to
determine if the damage can be accepted. If the
damaged building is capable of meeting reasonable
performance objectives, repair or upgrading is
unnecessary. The restoration boundary between
acceptance of the damage and the need for restoration;
or upgrade is defined by the parameters in Table 3-1. If
the performance loss (L) is small, then restoration or
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Table3-1 Parameters governing whether
damage is acceptable (see
Figure 3-7a)

Lr(min) = Performance loss threshold below which res-
toration is not required regardless of the
Damaged Performance Index, P'.
(Avoids requiring restoration when the effects
of damage on performance are small. This
threshold would be comparatively lower for
damaging earthquakes with small relative dis-
placement demand (S) and higher for large
ones.)

P 'in = Damaged Performance Index limit below
which restoration is required unless the Per-
formance Loss is less than Lr(min).
(Limits how far the Damaged Performance
Index (P') can fall and still be acceptable
without restoration. This limit would be com-
paratively lower for damaging earthquakes
with large relative displacement demand (S)
and higher for smaller ones.)

Lr(n,.) = Performance Loss threshold above which res-
toration is required unless the Damaged Per-
formance Index exceeds P mar
(Requires restoration for relatively large
losses unless the Damaged Performance
Index (P') is high. The threshold would be
comparatively lower for damaging earth-
quakes with small relative displacement
demand (S) and higher for larger ones.)

PImax = Damaged Performance Index limit above
which restoration is not required regardless of
the Performance Loss.
(Establishes when the Damaged Performance
Index (P') is acceptable without restoration.
This limit would be comparatively lower for
damaging earthquakes with large relative dis-
placement demand (S) and higher for smaller
ones.)

upgrading might not be required since the change in
performance is negligible. This concept is represented
by the horizontal line at L,,minj. If the loss exceeds the
minimum, then the decision on Whether to accept the
damage is controlled by how close the damaged
performance index is to P'm and P',. The lower end
of the sloping portion of the restoration boundary
represents the limit (P'min). As the loss increases there is
logically less tolerance for a lower damaged
performance index (Pt). As the loss increases further,
there comes a point Lr(ma), at which the damaged

Table 3-2 Parameters governing whether
restoration is acceptable (see
Figure 3-7b)

Luamin) = Performance Loss threshold below which
upgrading is not required regardless of the
Pre-event (Undamaged) Performance Index.
(Avoids requiring upgrading when the
effects of damage on performance are small.
The threshold would be relatively lower for
damaging earthquakes with small relative
displacement demand (S) and higher for
larger ones.)

Pmin = Pre-event Performance Index limit below
which upgrading is required unless the Per-
formance Loss is less than Lu (min)-
(Establishes when the Pre-event Perfor-
mance Index (P) is acceptable without
upgrading. This limit would be relatively
lower for damaging earthquakes with high
relative displacement demand (S) and higher
for smaller ones.)

Lufma,:) = Performance Loss threshold above which
upgrading is required unless the Pre-event
Performance Index exceeds Pmx.
(Requires upgrading for relatively large
losses unless the Pre-event Performance
Index (P) is high. The threshold would be
comparatively lower for damaging earth-
quakes with small relative displacement
demand (S) and higher for larger ones.)

Pmax = Pre-event Performance Index limit above
which upgrading is not required regardless
of Performance Loss.
(Establishes when the Pre-event Perfor-
mance Index (P) is acceptable without
upgrading. This limit would be compara-
tively lower for damaging earthquakes with
large relative displacement demand (S) and
higher for smaller ones.)

performance index must be greater than P'maX(P'>
P'ma,,)if damage is to be acceptable regardless of the
loss. If the damaged performance index (P', L) is within
the restoration boundary, then either restoration or
upgrading is required.

The parameters affecting the decision between upgrade
or restoration are illustrated in Figure 3-7b. The
decision between upgrade or restoration is controlled by
the loss (L) and the pre-event performance index (P).
The upgrade boundary is delineated similarly to the
restoration boundary using the parameters in Table 3-2.
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Restoration boundary for damaging
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Thresholds and performance limits for restoration and upgrade of earthquake-damagedbuildings
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It is important to recognize that the parameters affecting
decisions between acceptance, restoration, and upgrade
may vary with the size of the damaging earthquake as
defined by the relative displacement demand, S, for a
given building. This reflects the logic that greater losses
and lower performance indices are tolerable for larger
earthquakes. The effects of this variable on the
restoration and upgrade boundaries are illustrated in
Figure 3-7a and b with the lighter boundaries for
smaller earthquakes.The intersection of the pre-event
performance index with the loss line in Figure 3-7b falls
outside the upgrade boundary indicating that restoration
is sufficient. However if this same loss had occurred in
the smaller earthquake, the intersection of P and L
would fall within the boundary indicating that upgrade
is necessary.

3.9 Policy Implications and
Limitations of Component
Acceptabilityand
Displacement Demand

If component acceptability and global displacement
demand criteria are applied to both the pre-event and
damaged structures consistently, the effects of damage,
as gauged by the scope and cost of measures to restore
performance, are not sensitive to variations in the
criteria. In the evaluation of the effects of damage, the
numerical value of the performance indices and loss are
not meaningful in themselves. The same is not the case
when these parameters are used to facilitate policy
decisions for acceptance, repair, or upgrade.
Component acceptability and displacement demand
affect these decisions directly.
I
The current provisions of FEMA 273 (ATC, 1997a) and
ATC-40 (ATC, 1996) limit global displacements for the
performance level under consideration (e.g., Immediate
Occupancy, Life Safety, Collapse Prevention) to that at
which any single component reaches its acceptability
limit. There is not universal agreement among
researchers and practitioners regarding the accuracy of
these acceptability provisions for several reasons:

1. The amount of available research data on the force!
deformation characteristics of various components
for different behavior modes is not sufficient. The
interpretation of test data is also difficult since stan-
dard protocols have not been available.

2. The acceptability limits for deformation of individ-
ual components are difficult to generalize. Twoof

the key findings of the research effort for this
project are that the mode of component behavior
controls acceptability and that the mode of behavior
is not always what might be predicted using analy-
sis procedures, similar to those of FEMA 273 and
ATC-40, intended primarily for design. This con-
cern is obviated to some degree by the use of
FEMA 306, which requires that component force/
deformation relationships match the mode of
behavior observed in the field from the effects of
damage.

3. In many structures, the failure of a single compo-
nent to meet acceptability criteria is not an accurate
indicator of global acceptability. For example, the
lack of acceptability for life safety of a highly
shear-critical, vertical-load-bearing, wall pier might
indeed limit global acceptability. By contrast, the
unacceptability of a single coupling beam carrying
only a small local gravity load in addition to earth-
quake forces may not alone be sufficientjustifica-
tion for a global life safety limit. In reality, global
displacement limits are a complex function of com-
ponent behavior and acceptability. Important con-
siderations include the number and location of
critical components, vertical load transfer, and
interactions among components, particularly with
respect to the development of collapse mechanisms.

There is also controversy with regard to the
determination of maximum displacement demand for
use with nonlinear static procedures. FEMA 273
emphasizes the use of the displacement coefficient
method while ATC-40 documents the capacity spectrum
method. In some circumstances these two alternatives
can lead to different estimates of displacements.

The lack of complete consensus on component
acceptability and displacement demand is
understandable, since nonlinear static procedures have
not been used extensively to date. They still require a
great deal of engineering judgment, and common sense,
to produce reliable results. Over the years acceptability
limits and displacement demand are likely to become
more accurate and less controversial.

Use of the performance-based framework introduced in
this document requires the understanding of the
controlling influence of the component acceptability
and displacement demand criteria. The absolute
numerical values for Performance Indices and Loss
parameters have no significance in and of themselves.
They are only as reliable and meaningful as the
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component acceptability and displacement demand
criteria used to generate them. If the acceptability
criteria are overly conservative or liberal, the
Performance Indices will directly reflect this with a
relatively low or high value. The use of the framework
and associated parameters must include a definitive and
consistent specification for the component acceptability
and displacement demand criteria. The parameters
themselves then provide a convenient way to measure
performance and loss within the limitations of the
specified criteria.

3.10 Public Sector Policy
Planning
Recommendations

Public agencies, particularly building authorities, can
prepare for a future earthquake by taking action
beforehand. The following are some suggestions related
specifically to the procedures developed in this
document:

1. Establish seismic performance objectives for build-
ings within the community. These can be modeled
on existing standards including FEMA 273 and
ATC 40. Selection of appropriate objectives should
be based on the size, age, occupancy, and function
of the individual building.

2. Adopt a seismic hazard demand standard. These
also can be generated using FEMA 273 or ATC 40.
Communities may wish to develop more detailed
specific earthquake ground motion or other seismic
hazard specifications based on regional or local
conditions.

3. Adopt loss thresholds for repair and upgrading
based on the intensity of future seismic events.
Guidance on the actual value for these thresholds
can only be qualitative at this point. In the future, it
is possible that research on loss and economic
recovery after earthquakes can shed some light on
the appropriate levels of tolerable damage. Simi-
larly, tolerable levels of performance deficiencies
can be developed for damaged buildings.

4. Review and document the extent to which non-seis-
mic compliance requirements are imposed on the
repair and upgrading process. Issues for prior con-
sideration include disabled access, fire and life
safety, and historic buildings.

5. Establish programs for encouraging building own-
ers to document the anticipated performance char-
acteristics for their building. In some cases,
mandatory investigations or retrofit may be appro-
priate. Even if this cannot be implemented, building
owners should be allowed to investigate perfor-
mance deficiencies without the requirement to
address them immediately.

6. Establish a repository of public information on
earthquake hazards and the vulnerabilities of build-
ings. Building database technologies such as those
specified in HAZUS (NIBS, 1997) and ATC-36
(ATC, in preparation) can facilitate this effort. Such
databases are useful both before, immediately after,
and during the recovery process of an earthquake.

3.11 Private Policy Planning
Recommendations

In the private sector, building owners and occupants can
benefit greatly by planning an investigation before an
earthquake. Some useful efforts are listed below:

1. Assemble design and construction information on
the specific building or group of buildings of con-
cern. Structural information is particularly impor-
tant to the investigation of damage. This might
consist of drawings, calculations, and previous
reports.

2. Engage a qualified engineer to document the exist-
ing condition of each building. This entails map-
ping existing cracks and other damage that may be
due to previous earthquakes or other causes. This
information serves to establish a baseline for any
future damage that may occur in an earthquake.
Additionally, it gives the engineer a chance to
become familiar with the basic structural character-
istics of the building.

3. Evaluate the need for and implement, if necessary,
further investigations to determine the component
characteristics of the building in its current state.
The scope of these investigations can range from
rather straightforward and inexpensive to very
sophisticated analyses. The knowledge about the
future performance of the building is important to
the building owner or occupant even if immediate
upgrading or repair is not possible.

4. Consider the effects that earthquakes may have on
the business enterprise carried out in the building.
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This knowledge, coupled with the performance
analysis of the building helps the owner and occu-
pants to make informed decisions on performance
goals for future earthquakes. These may differ from
those that have been established as the minimum
through public policy. If repairs or upgrades to meet
the objectives are not possible immediately, owners
or occupants can develop contingency plans to
respond and recover more effectively from future
earthquakes.

5. Incorporate seismic performance objectives, and
related required repairs and modifications to meet
them, into the long-term facility planning and
replacement process. Buildings and their systems
and furnishings deteriorate over time. Additionally,
the programmatic needs of the owner or occupant
also evolve. Modifications to improve seismic per-
formance should fall into essentially the same cate-
gory, unless extraordinary life safety problems are
found.

3.12 Summary
The performance-based procedures for the evaluation of
damage presented in FEMA 306 (ATC, 1998a) and the
repair issues and procedures discussed in this document
offer several technical improvements that support
effective engineering standards and policy for repair
and upgrading.

First, these methods provide a technically sound
framework for earthquake damage evaluation and
repair. The distortions and damage of the individual
components relate directly to the global displacement of
the structure. For a given movement at the roof level, for
example, there is an associated damage state for each
building component. This damage state implies a level
of performance capacity as a function of the global
displacement. Consequently, the displacement demand
associated with a specific intensity of earthquake
shaking defines a corresponding specific level of
damage for the building.

Second, the global analysis procedure relies on a
theoretical model built from the individual components
of the structure. In the past, there has been a concern on
the part of engineers that the repair, strengthening, or
replacement of individual components and/or the
addition of new components or elements might impose
critical future damage on other parts of the structure.
The proposed analytical technique allows the engineer
to evaluate directly these potential adverse effects. A
compilation of available information in FEMA 307
(ATC, 1998b) and this document summarizes the state
of knowledge on the behavior of individual components
of concrete and masonry wall buildings, including the
effects of damage and repair. Although the available
component data are by no means complete, the
proposed procedures and criteria provide a conceptual
protocol for compiling and using data that become
available in the future.

Finally, the performance-based formulation provides
relevant measurement devices to assess the effects of
damage and other parameters that are useful in
developing and implementing private and public policy
for evaluation, repair, and upgrading of buildings. These
devices are flexible enough to accommodate the
tolerance of the individual community for risk, the
selection of building-specific performance objectives,
coordination of seismic performance with other public
and private goals, and other important considerations.

When selecting performance objectives, consideration
should be made of the possibility that damage may
affect future performance in events of a smaller
magnitude than the event that caused the damage.
Specifically,some damage may decrease the stiffness of
the building without significantly affecting its
performance in larger events; however, the loss of
stiffness may result in larger displacements and greater
damage in smaller events than would have occurred in
the pre-event structure.
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Implementation

4.1 Introduction
Once a policy decision has been made on the
appropriate action to take with an earthquake-damaged
building (accept, restore, or upgrade), a design
professional may need to develop a repair design. As
noted previously, repair design has been hampered by a
lack of truly applicable standards. Furthermore, the
effectiveness of specific repair technologies has been
poorly documented. This section summarizes a
performance-based approach that uses emerging
technologies. Additionally, some practical information
on the specification of repairs for concrete and masonry
wall buildings is tabulated.

4.2 Performance-Based Repair
Design

Performance-based procedures for the evaluation and
retrofit of existing buildings, FEMA 273/274 (ATC,
1997a, b) and ATC-40 (ATC, 1996), are technically
similar. The FEMA 273 Guidelines, which are written
in a style similar to a building code, and its companion
FEMA 274 Commentary apply to any building type.
The scope of ATC-40 emphasizes concrete buildings,
but also includes extensive discussion of the evaluation
and retrofit process that can be applied to all building
types. It is written in textbook style.

The FEMA 273 and ATC-40 documents provide
procedures to evaluate the anticipated performance of
an existing building and to develop design measures to
improve performance. These procedures can be readily
adapted to the repair of earthquake-damaged buildings
using this document and FEMA 306 and FEMA 307.
The evaluation process for damaged concrete and
masonry wall buildings is covered extensivelyin FEMA
306.

The use of performance-based procedures for repair
design for a damaged building is actually just a special
case of a retrofit of an existing building. The process is
briefly reviewed here:

1. Select an appropriate performance objective for the
building. For an upgrade, the goal would be to
repair the building in such a way that its repaired
performance index, P*, for the specific objective is
equal to or greater than 1.0. In the case of a restora-
tion, the goal would be to implement repairs to

return the building to its pre-event performance
index for that specific objective (P* =P).

2. Develop a repair strategy at the component level.
Actions might include repairing individual compo-
nents to restore their structural properties, removing
and replacing damaged components, or adding new
components in other locations. In some cases, dam-
aged components might be left unrepaired.

3. Generate a global capacity curve representative of
the building in its repaired condition. This requires
the selection of appropriate component properties
for damaged, repaired, or new components. For
concrete and masonry wall buildings, FEMA 306
and FEMA 307 provide extensive guidance.

4. Using the procedures of FEMA 306, determine
whether the repair strategy allows the repaired
building to meet the performance objective. If not,
revise or modify the strategy and repeat Steps 3
and 4.

5. Develop design drawings and specifications for the
repair strategy. Section 4.3 summarizes repair tech-
nologies for concrete and masonry wall buildings.
For the design of new components, the recommen-
dations of FEMA 273/274, ATC 40, and conven-
tional design standards are appropriate.

4.3 Repair Technologies
This section provides guidance on the specification of
individual repair techniques applicable to the
components of earthquake-damaged concrete and
masonry wall buildings. The scope of repairs for an
individual element or for an entire building depends on
the objectives of the repair program.

4.3.1 Categories of Repairs
Repairs for earthquake-damaged concrete and masonry
wall buildings fall into three generic categories:

1. Cosmetic Repairs are those repairs that improve the
visual appearance of component damage. These
repairs may also restore the nonstructural properties
of the component, such as weather protection. Any
structural benefit is negligible. An example is the
routing, sealing, and painting of cracks in concrete
or masonry.
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2. Structural Repairs address component damage
directly, with the intent to restore structural proper-
ties. Examples include injection of cracks or the
replacement of fractured reinforcing bars.

3. Structural Enhancements are repairs that comprise
supplemental additions, or removal and replace-
ment of existing damaged components. They also
include the addition of new components in the
structure not necessarily at the site of existing dam-
aged components. In this case, the intent is to
replace structural properties of damaged compo-
nents rather than to restore them. Examples include
the application of concrete overlays to damaged
walls or the addition of shear walls or steel bracing
to the building where these elements and compo-
nents were not present before the earthquake.

Table 4-1 is a list of repairs by category identifying the
applicability of the repair to individual components,
according to material and framing type.

4.3.2 Nonstructural Considerations
This document focuses on the structural performance of
individual components. In practice, the restoration or
upgrading of a damaged building is a program of repairs
applied globally. The broader program perspective gives
rise to a number of other critical issues.

• The efficiency associated with the structural repairs
must be considered at the global level. For example,
a given component might be most effectively
repaired using a particular procedure; however, an
alternative procedure might lead to overall lower
costs when architectural or other constraints are
considered.

* The historic status of the building must be
considered when developing the repair program.
Some repair procedures may not satisfy preservation
goals for the building.

* Local building departments may have restrictions or
requirements for certain repair procedures.

Table 4-1 Summary of repair procedures

Material Repair ID

Repair Category Repair Type

Reinf. Reinf. URM

Concrete Masonry

Cosmetic Repair i V CR 1 Surface coating

V CR 2 Repointing

a/ * CR 3 Crack injection with epoxy

Structural Repair R*1 Crack injection with epoxy

I/ V SR 2 Crack injection with grout

V 9 SR 3 Spall repair

V SR 4 Rebar replacement

V VV/ SR 5 Wall replacement

Structural Enhancement 9 iSE 1 Concrete overlay

9 / / V ISE 2 Composite Fibers

9 SE 3 Crack Stitching

Notes: Repairs for concrete walls can also be used for concrete frames in infilled frame systems.

Repairs for steel frames of infill systems are described in the component repair guides.

* Epoxy injection not recommended for partially-grouted reinforced masonry.
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4.3.3 Repair Guides
The Repair Guides at the end of this section provide
outline specifications for typical repair procedures for
earthquake-damaged concrete and masonry wall
buildings. These have been developed in conjunction
with procedures for evaluating earthquake damage
specifically for these building types. The Repair Guides
themselves may be applicable, in whole or in part, to
other building types, depending on specific
circumstances. Many other repair techniques-useful for
other building types are not documented here.

The Repair Guides describe procedures that have been
used routinely in the past for concrete and masonry
components. There are undoubtedly other repair*
techniques that may also be applicable in general or in
specific instances. Often, repair procedures need to be
adapted to actual field conditions. The Repair Guides
convey the basic information for repair selection on a
conceptual level. They are not complete specifications
and should not be used directly as construction
documents. The design engineer must adapt these
general repairs to meet the requirements of each
building and component.

Each guide includes the following information:

Repair Name an.

Repair Category

Materials

Description

Repair Material!

Equipment

Execution

Quality Assuran

Limitations

Standards and
References

d ID For reference and
identification

*Cosmetic repair, structural
repair, or structural
enhancement

Applicability to reinforced
concrete, reinforced masonry,
or unreinforced masonry

Basic overview of the
objectives and scope of the
repair procedure

Is Typical products used for the
repair

A summary of the tools,
instrumentation, or devices
required

General sequence of
operations

Ice Measures required to achieve
satisfactory installation

Restrictions on the
effectiveness of the repair

Applicable sources of further
information
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REPAIR GUIDE Repair Type: Cosmetic Repair

COSMETIC PATCHING Materials: Concrete,
CR1 elReinforced Masonry,

Unreinforced Masonry

Description
A cosmetic patch consists of applying a surface coating
on the surface of the concrete or masonry wall to con-
ceal the surface projection of cracks. The purpose of
patching is to improve the aesthetic appearance of the
wall or to provide an additional barrier against water
infiltration into the wall. Restoration of the fire resis-
tance of a wall may also be required. Alternately, repair
or installation of architectural finishes covering the wall
is another method of cosmetic patching. Surface coat-
ings in such repairs are not intended to provide any
increase in strength or stiffness to the wall.

RepairMaterials
Various materials can be used for surface coatings. The
choice of repair material will depend on the functional
and architectural requirements. Some examples of
materials are:

c Paint can be used to conceal fine cracks on the sur-
faces of concrete and reinforced masonry walls

* Wall coverings such as wallpaper can be used on
smooth interior concrete surfaces

* Dry-wall taping compound can be used to fill cracks
on interior surfaces before paint or wall coverings
are are applied

o Organic polymer materials can be used to fill cracks
on interior and exterior concrete or reinforced
masonry surfaces

e Coatings or sealers can be used on cracks on exterior
surfaces to reduce water penetration for concrete,
reinforced masonry, and unreinforced masonry walls

* Portland cement plaster can be applied to the surface
to cover the appearance of cracks in concrete, rein-
forced masonry, or unreinforced masonry walls

o Cracks that need to be sealed only to prevent water
intrusion can be injected with urethane

Equipment
The equipment required to apply the various repair
materials are generally available tools such as mixing
equipment and sprayers.

Execution
The owner or responsible party should choose a proper
material for the surface coating. The choice of material
should be based on the functional requirements of the
wall, architectural considerations, and considerations of
the historic nature of the building, if applicable.

Prior to implementing the repair, a test area should be
prepared using the contractor, equipment, procedures,
and materials to be used for the project. The completed
mock-up should be allowed to cure and then carefully
reviewed to verify that the appearance will match that
of the surrounding walls.

The surfaces to receive the coatings should be properly
prepared to ensure adequate bonding between the new
and existing materials. For paint or wall-covering appli-
cation, the surface of the wall should be clean and free
of loose materials. Surface coatings such as plaster or
water-resistant coatings should typically receive a light
sand blasting to remove the existing coating and to pro-
vide a rougher surface for improved bonding.
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uublVl. IrA1i tIlNt
continued

Oualitv Assurance
Paint or film-forming surface coatings or membranes
exposed to moisture should be checked for adhesion to
the existing surface.

Limitations
Paint can be used to bridge small cracks, with some
paints capable of bridging cracks up to 0.06 inch. The
manufacturer of the paint should be consulted for deter-
mining the capabilities and required preparation for the
specific application.

The surface coatings listed can be effective at prevent-
ing water intrusion through cracks in exterior walls.
However, these materials are only appropriate if the
crack is dormant. Cracks caused by earthquake loading
are typically dormant since they will not change in
width over time. If the crack was caused by shrinkage,
temperature movements, or other reasons, these treat-
ments will not be effective at bridging the cracks.
Therefore, the engineer must be confident that the
earthquake caused the crack. Active or moving cracks
that are to be watertight must be routed out and sealed
with a flexible sealant.

Portland cement stucco plaster can be applied directly
to a concrete or masonry surface. Since the existing
wall is rigid and the new stucco coating will tend to

exhibit drying shrinkage, shrinkage cracks may develop
in the stucco. If the surface of the wall is not expected to
produce adequate bond to the stucco, mechanical
anchorage of the stucco to the wall should be specified
(PCA, 1988).

Walls that had a designated fire rating may have the fire
resistance compromised by cracks that extend through
the thickness of the wall, since the cracks will allow hot
combustion gases to pass through the wall. Epoxy injec-
tion will fill the cracks, but the heat from a fire will
cause epoxy to melt. Testing has shown that unpro-
tected concrete walls with epoxy-filled cracks up to 1/4-

inch wide could have about 3 inches of the epoxy
burned out during a standard fire (Plecnick and Pham,
1980). The burned-out epoxy can be cleaned out and the
crack re-injected. A final plaster coating on the wall can
significantly reduce epoxy burnout.

References
PCA, 1988, Portland Cement Plaster (Stucco) Manual,

Portland Cement Association, Skokie, Illinois.

Plecnick, J.M. and M.G. Pham, 1980, Final Report on
Fire Testing of Epoxy Repaired Shear Walls, Struc-
tures Laboratory Report # SL80-7-11, California
State University, Long Beach, Long Beach, Cali-
fornia.
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REPAIR GUIDE Repair Type: Cosmetic Repair

REPOINTING MORTAR Materials: Reinforced Masonry,
Unreinforced Masonry

Purpose
Repointing is the process of removing deteriorated mor-
tar from the joints of a masonry wall and replacing it
with new mortar. Repointing may be required to repair
earthquake-damaged mortar joints or to repair deterio-
ration of mortar joints caused by weathering. Properly
installed repointing restores the visual and physical
integrity of the masonry. Improperly installed repoint-
ing can detract from the appearance of the building and
can cause physical damage to the masonry.

A method known variously as "grouting," "scrub
coats," "slurry coats," or "slur coats" is sometimes sold
as a substitute for repainting. The process involves
brushing a thin coat of mortar over all masonry units
and joints, and when the mortar is dry, brushing it off
the masonry units. This technique has a life expectancy
of only a few years, it masks the joint detailing or tool-
ing, and the residue is difficult to remove from the
masonry. This technique is not a substitute for repoint-
ing, and should never be used on historic buildings.

RepairMaterials
The new (repointing) mortar should:

* match the existing mortar in color, texture, and
detailing. The best way to match the color is by
using sand similar in color, size and shape of grains
as the original mortar. As the mortar weathers, the
sand gives the mortar its characteristic color and tex-
ture. Pigments should not be used to match mortar
color, unless matching cannot be achieved with
sand, since pigments will fade over time.

* be softer, in terms of compressive stiffness, than the
adjacent masonry units. A new mortar that is too
hard will cause stresses in the wall (from thermal
and moisture expansion and contraction, and settle-
ment) to be accommodated by the masonry units
rather than the mortar, causing cracking and spalling
of the masonry.

* be as soft as or softer than the original mortar, in
terms of compressive stiffness.

Many older historic buildings used a lime mortar. If a
lime mortar was originally used, the building should be
repointed with a lime mortar. New cement mortar
should not be used, as it can cause deterioration of the
wall by not allowing moisture out of the wall and by
introducing salts. If a cement or cement-lime mortar
*wasoriginally used, the building should be repointed
with a similar mortar.

Masonry cement should not be used for repainting mor-
tar. Appropriate mortar materials are as follows:

e Lime should conform to ASTM C207, Type S,
Hydrated Lime for Masonry Purposes.

* Cement should conform to ASTM C150, Type I or
II, low alkali, nonstaining Portland cement.

* Sand should conform to ASTM C144 to ensure
proper gradation and freedom from impurities. Sand
color, size, and texture should match the original as
closely as possible.

* Water should be clean and free from significant
amounts of acids, alkalis, or organic material.

The mortar mix for historic buildings should be speci-
fied by the preservation consultant. Generally,it should
comply with the UBC Standard No. 24-9 (ICBO, 1994)
and ASTM C270, Standard Specificationfor Mortarfor
Unit Masonry. Material proportions should be given
by volume.

Mortar samples should be made before starting work on
the building. Samples of the proposed mortar should be
made, allowed to cure, then broken open. The broken
surface of the new mortar should be compared with a
broken surface of the original mortar to determine
whether they match.

Equipment
In general, the old mortar should be removed using a
hammer and cold chisel. Power saws should not be used
as they can damage the adjacent masonry units. A dal-
lett-style pneumatic carving tool can be used success-
fully by experienced masons to remove old mortar.
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